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Thermal treatmentAlthough detonation method has been reported to prepare TiO2 nanoparticles, phase transformation and
crystal growth of detonation-prepared TiO2 nanoparticles have not been explored extensively. In this
study, mixed-phase TiO2 nanoparticles, consisting of anatase (34.8 wt%, 9.4 nm) and rutile (65.2 wt%,
18.2 nm), were prepared by the detonation method. The phase transformation in the TiO2 sample at dif-
ferent annealing temperatures was modeled to understand the transformation behaviors. Thermal treat-
ment experiments of the detonation-prepared TiO2 nanoparticles indicated that the initial process
involved an anatase-to-rutile transformation. The TiO2 grains coarsened drastically after thermal treat-
ment at 600 C for 1 h. In contrast to a normal transformation, the anatase-to-rutile transformation
was followed by conversion of rutile to anatase in large crystals. Moreover, smaller TiO2 particles could
gain more kinetic energy and combine rapidly with the increase in temperature, forming larger particles.
Anatase was transformed completely to rutile after thermal treatment at 720 C for 3.5 h. The transfor-
mation temperature from anatase to rutile of the detonation-prepared TiO2 nanoparticles was approxi-
mately 80 C lower than that of TiO2 prepared by conventional methods. Therefore, thermal treatment
may be employed to control the particle size and phase content of detonation-prepared TiO2
nanoparticles.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
The bulk material of TiO2 commonly consists of three main
phases: anatase (tetragonal, space group I41/amd), brookite
(orthorhombic, space Pcab), and rutile (tetragonal, space group
P42/mmm). Among these phases, TiO2 exists mostly as rutile and
anatase phases. In recent years, TiO2 nanostructures have received
remarkable attention because of their specific physical and chem-
ical properties, such as excellent catalytic activity, gas sensing
properties, dielectric and electronic properties, for various applica-
tions, such as dye-sensitized solar cells [1] and nanoscale additives
on solid propellants [2] and polymer matrix composites [3]. Never-
theless, some properties of TiO2 nanostructures are strongly
dependent on TiO2 crystalline structure [4], phase composition
[5], particle size [6], processing conditions [7], and preparation
methods [8,9]. Therefore, understanding of the factors that affect
phase stability, growth, and phase transformation kinetics in
nanocrystalline materials is critical for the preparation of nanos-
tructures with the desired properties and quantification of materialbehavior [10,11]. Previous studies have investigated the grain
growth kinetics and thermal stability of TiO2 nanostructures pre-
pared using conventional preparation methods. For instance,
Ohtani and his coworkers [12] calcined amorphous TiO2 samples
non-isothermally from 300 C to 800 C in air. They inferred that
each amorphous particle was transformed into an anatase particle
without crystal growth. Lee and Byeon [13] investigated the effect
of ultrasonic processing on the phase transformation of flame-
synthesized anatase TiO2 nanoparticles heated to the rutile phase.
They found that variations in surface characteristics caused by the
different preparation methods can change the growth rate of the
second phase, or even the transformation sequence [14]. Exarhos
and Aloi [15] studied the transformation kinetics in amorphous
TiO2 films deposited on silica substrates. Moreover, Ko et al. [16]
studied the crystallite growth kinetics of TiO2 modified with
9 mol% ZnO. Charbonneau et al. [17] investigated rutile TiO2
nanoparticles by forced hydrolysis of aqueous Ti(IV) chloride solu-
tions in terms of precipitation kinetics, nucleation, and growth
mechanism. Clearly, understanding of the factors that dictate the
sequence of phase transformations may provide insights into
how phase composition, microstructures, and properties of TiO2
nanostructures could be manipulated. However, further studies
Y. Qu et al. / Results in Physics 6 (2016) 100–106 101are still necessary to understand the influence of particle size on
the phase transformation of TiO2 nanostructures synthesized by
other preparation methods.
As one of the complementary approaches, the detonation
method is an efficient, promising technique to manufacture nanos-
tructures. The particle sizes of detonation-prepared nanostructures
can be controlled to some extent by adjusting the detonation
parameters [18]. Mixtures composed of precursor and explosives
can lead to complex physical and chemical reactions in the detona-
tion process [19,20]. High pressure, high temperature, rapid mate-
rial motion, and short duration of the explosive shock event force
matter through a complex process [18], such as crystallization,
conglomeration, and phase-translation, to the extent that synthesis
can occur in the microsecond duration of the high pressure pulse,
and chemical processing can be conducted at extremely high pres-
sure. Previous studies have investigated the morphologies, phase
content, and microstructures of the detonation-prepared nanopar-
ticles, such as diamond [21,22], graphite [23], Al2O3 [24,25], TiO2
[26,27], ZnO [28], SrAl2O4 [18,29], Al5O6N [30], and LiMn2O4 [31].
Quenching of pressure and temperature from transient states
allows the formation of metastable states [29]. Several particular
properties of detonation-prepared nanostructures have been found
based on previous research results. For instance, when detonation-
prepared TiO2 particles were oxidized to eliminate the impurities
through the combined action of CrO3 and concentrated nitric acid,
anatase appears to be the stable phase of TiO2 at small crystallite
sizes and rutile could be transformed to anatase [27]. The
microstructures of detonation-synthesized nanostructures also
changed during the detonation process [32]. Moreover, magnetiza-
tion of nickelferrite nanostructures synthesized by shock wave
treatment was significantly improved [33]. The agglomerate struc-
tures of detonation-prepared TiO2 nanoparticles could be
improved to some extent after thermal treatment [34,35]. Given
that particle sizes and morphologies can be manipulated by nucle-
ation and growth conditions of nanostructures, controlling the
transformation and crystal growth is necessary for preparing
nanostructures with the desired properties by the detonation
method. However, phase transformation and crystal growth of
detonation-prepared TiO2 nanostructures have not been explored
extensively.
In this study, mixed-phase TiO2 nanoparticles consisting of ana-
tase and rutile were prepared by detonation method. A study on
the kinetics and thermodynamics of the TiO2 nanoparticles was
conducted by isothermal and isochronal annealing treatments.
Crystal growth and phase transformation of the mixtures of ana-
tase and rutile were characterized. The size-dependent transfor-
mation observed in the TiO2 samples was explained within the
framework of classical nucleation theory and standard model of
crystal growth. Thermodynamic and kinetic analyses of the results
can provide new insights into the interplay between size and phase
stability of detonation-prepared TiO2 nanoparticles.Experimental
TiOSO42H2O, NaOH, and NH4NO3 were employed as the main
raw materials. All starting materials were of analytical purity. First,
TiOSO42H2O was dissolved in distilled, deionized water. Second,
the solution was added into the NaOH solution with certain con-
centration and stirred vigorously for 1 h at room temperature to
form the TiO(OH)2 suspended liquid. After the simple treatment,
the obtained TiO(OH)2 was mixed with (CH2NNO2)3 and NH4NO3
to form the mixed explosives with certain density. The mixed
explosives were detonated by a No. 8 detonator in a 3 m diameter
sealed explosive chamber. All experiments were carried out under
normal pressure (1 atm). The experimental procedure was similarto that reported in Refs. [26,27]. The detonation soot was collected
after the explosion and annealed in air at 600–720 C. The mor-
phologies and particle sizes of the detonation soot and that
annealed at different temperatures were observed with a Tecnai
G220 S-Twin TEM. All samples were examined by XRD to deter-
mine the phase contents and particle sizes of anatase and rutile.
Coarsening of the grains of both anatase and rutile phases could
also be inferred from the XRD patterns. Diffraction patterns were
collected using a XRD-6000 Diffractometer with Cu Ka radiation
(40 kV, 30 A) in step scanning mode. The scanning 2h range was
20–60, the 2h step size was 4, and the collecting time at each step
was 60 s. All measurements were performed at room temperature.
In the 2h range, percent composition calculations of the TiO2
samples were carried out using the following equations [7]:
XR ¼ IRI0 ¼
1
1:0þ 0:8IA=IR ð1Þ
XA ¼ 1 XR ð2Þ
where XR is the weight percentage of the rutile phase and IA and IR
are the intensity of the anatase (101) and rutile (110) diffraction
peaks, respectively.
Using the full width at half maximum data of each phase after
correcting the instrumental broadening, the average particle sizes
of anatase and rutile were calculated by Scherrer equation [7]:
D ¼ Kk
b cos h
ð3Þ
where D is the crystallite size of TiO2 particles, k is the Scherrer con-
stant (k = 0.89), k is the Cu Ka radiation wavelength (0.15406 nm), B
is the full width in radiation at half-maximum of the peak, and h is
the Bragg angle of the XRD peak.
The average particle sizes of anatase and rutile were also esti-
mated [36] by assuming that all particles have the same spherical
shape and size. The particle size, D, is given by Eq. (4):
D ¼ 6=ðSBET  qÞ ð4Þ
where SBET is the BET specific surface area and q is the density of the
particles, where q = 4.1 g cm3.
Results and discussion
X-ray diffraction analysis
Fig. 1 shows the XRD patterns of the detonation-prepared TiO2
nanoparticles without thermal treatment and the high-resolution
(101), (110) peak scans for the sample. Comparison of the results
in Fig. 1 confirms that the mixed-phase TiO2 nanoparticles, consist-
ing of anatase and rutile, were prepared within the X-ray detection
limit. The TiO2 sample consists of nanocrystalline anatase (34.8 wt
%) and rutile (65.2 wt%) according to Eqs. (1) and (2). The average
particle diameter of anatase and rutile was 9.4 nm and 18.2 nm,
respectively, based on Eq. (3). TEM observations confirmed that
the average sizes of the mixed-phase TiO2 nanoparticles were in
good agreement with the XRD results.
Isothermal and isochronal experiments were also carried out
using the mixed-phase TiO2 nanoparticles to understand the
impact of particle size and detonation process on phase stability
and phase transformation during the growth of nanocrystalline
aggregates. Fig. 2 shows the XRD patterns of the TiO2 samples
annealed at 600 and 720 C. The growth of particles and the struc-
tural phase transformation were reflected in the differences in the
electron diffraction patterns of the TiO2 samples. An increase in
intensity and a significant narrowing of XRD peaks are observed
in Fig. 2.
Fig. 1. XRD patterns of the detonation-prepared TiO2 nanoparticles without
thermal treatment.
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600 C. A transformation from anatase to rutile occurred, and the
grain of the TiO2 nanoparticles coarsened drastically at 600 C for
1 h. With the increase in annealing temperature, the anatase was
totally transformed to rutile at 720 C for 3.5 h. The average crys-
tallite sizes of anatase and rutile were calculated according to Eq.
(3). For example, the crystallite sizes of anatase and rutile at
600 C for 1 h were 30±10 nm and 20 ± 5 nm, respectively. The
crystallite sizes of anatase and rutile phases at 720 C for 5 h wereFig. 2. Comparison of XRD patterns of the TiO2 nan
Fig. 3. Electron diffraction patterns for the detonation-prepared TiO2 nanoparticl25 ± 5 nm and 30 ± 10 nm, respectively. Anatase was totally trans-
formed to rutile at 720 C after 3.5 h.
Transmission electron microscopy (TEM) analysis
Morphologies of the mixed-phase TiO2 nanoparticles without
thermal treatment and those annealed at higher temperatures
(600, and 720 C) in air for 5 h are presented in Fig. 3. A comparison
of the images in Fig. 3 showed that the particle size became larger
and non-uniform. Some small TiO2 particles melted and grew into
larger crystals. These crystallite sizes are close to the value calcu-
lated based on Scherrer’s equation. Comparison between Fig. 3(a)
and Fig. 3(b) shows that the grain growth rate of the detonation-
prepared TiO2 nanoparticles is mainly determined by annealing
temperature and duration.
BET analysis
A NOVA 4000 high-capacity surface area and pore size analyzer
(Quantachrome Instruments, USA) was used to study the specific
surface area of mixed-phase TiO2 nanoparticles. The results
showed the specific surface area of the TiO2 sample without treat-
ment of 26.12 m2 g1. The particle diameters of the detonation-
prepared TiO2 nanoparticles were approximately 56 nm based on
the BET results. The crystallite size is larger than the value calcu-
lated from Scherrer’s equation. Fig. 4 shows the nitrogen adsorp-
tion–desorption isotherms of the TiO2 samples. The isotherm of
the detonation-prepared TiO2 sample is a combination of types I
and IV (BDDT classification) with two very distinct regions. The
isotherm exhibits high adsorption at low relative pressures (belowoparticles annealed at: (a) 600 C; (b) 720 C.
es: (a) without thermal treatment; (b) at 600 C for 5 h; (c) at 720 C for 5 h.
Fig. 4. Nitrogen gas adsorption–desorption isotherm of the mixed-phase TiO2
nanoparticles.
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curve exhibits a hysteresis loop at high relative pressures (P/P0)
between 0.4 and 1.0, indicating the presence of mesopores (type
IV). The TiO2 sample shows the formation of mesoporous struc-
tures, which is attributed to the aggregation of TiO2 crystallites.
The average pore diameter is approximately 15.74 nm.Thermodynamic and Kinetic analysis
The average particle sizes of the prepared TiO2 nanoparticles as
a function of annealing temperature are plotted in Fig. 5 for com-
parison of the growth rates of anatase and rutile. The initial particle
sizes of anatase and rutile in Fig. 5 are approximately 9.4 nm and
18.2 nm, respectively. Upon heating, the particles of anatase and
rutile first coarsened at 600 C for 1 h (Fig. 5(a)). The slopes of
the particle size versus time curves are very close for rutile and
anatase, supporting the similarity in the coarsening behaviors of
the two phases. The particle sizes of rutile and anatase then sub-
stantially decreased. Finally, the particle size of anatase increased
rapidly with a further increase in annealing time. Conversely, the
particle size of rutile substantially decreased. The slow growth rate
of rutile is also shown in Fig. 5(a). Most particles have diameters
close to the average particle sizes. The particle size of anatase
increased rapidly at 600 C for an annealing time above 3.5 h, indi-
cating that anatase coarsens faster than rutile, and two or more
anatase particles may form one anatase particle. The average size
data indicate that the grain growth of both anatase and rutile moreFig. 5. Variation in size of TiO2 nanoparticles as a functioor less occurred during kinetic experiments. Meanwhile, the parti-
cles of anatase and rutile first coarsened at 720 C for 2 h (Fig. 5(b)).
The slopes of the particle size versus time curves are also very close
for rutile and anatase, supporting the similarity in the coarsening
behaviors of the two phases. The particle size of rutile then sub-
stantially increased for an annealing time less than 3.5 h. Finally,
the particle size of rutile decreased with a further increase in
annealing time. Conversely, the particle size of anatase substan-
tially decreased, and then disappeared at 720 C for 3.5 h.
Fig. 6 shows the phase contents of anatase and rutile treated at
different annealing temperatures (600 and 720 C). The results in
Fig. 6(a) indicate that the initial process involves anatase-to-
rutile transformation in the starting mixed-phase TiO2 nanoparti-
cles. This process was followed by conversion of rutile to anatase
at 600 C. However, the relative mass content of the rutile phase
is still higher than that of rutile annealed at 600 C for 1 h, indicat-
ing that only a small quantity of rutile particles in large crystals
may transform to the anatase phase. However, the phase contents
of rutile and anatase did not change with the increase in annealing
time. The phase transformation from rutile to anatase was rela-
tively slow at 600 C for an annealing time of less than 3.5 h
[Fig. 6(a)]. The particle size should be determined by both particle
coarsening and phase transformation. Fig. 5(a) shows that the
average particle size of rutile is almost constant at longer annealing
times, whereas the average particle size of anatase increased. The
changes in the content of anatase and rutile were minor. Therefore,
data showed that coarsening rather than recrystallization
occurred. Comparison of Figs. 5(a) and 6(a) shows that the overall
effects of the factors that govern the coarsening rate of anatase
include particle packing and surface energies. Fig. 6(b) shows that
the initial process involves the transformation of anatase in the
starting mixed-phase TiO2 nanoparticles to rutile at 720 C. The
increase in weight content of the rutile phase with annealing indi-
cates the transformation of anatase phase to rutile phase. The lar-
ger slope for the data collected indicates that both coarsening and
recrystallization occurred at 720 C for 1 h. The smaller TiO2 parti-
cles could gain more kinetic energy, combine rapidly, and form lar-
ger particles at 720 C. Furthermore, anatase totally transformed to
rutile at 720 C for 3.5 h.Kinetics mechanism analysis
Fig. 7 shows the schematic model of the phase transformation
in the TiO2 sample at different annealing temperatures to under-
stand the transformation behaviors of the detonation-synthesized
TiO2 nanoparticles during thermal treatment. The isothermal and
isochronal experiments indicated that anatase transformed ton of annealing temperatures: (a) 600 C; (b) 720 C.
Fig. 6. Phase contents of the TiO2 nanoparticles at different annealing temperatures: (a) 600 C; (b) 720 C.
Fig. 7. Schematic model of the phase transformation in the TiO2 sample calculated at different temperatures.
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between anatase and rutile may be reversible at lower tempera-
tures (600 C). This transformation can be considered as a conse-
quence of the dependence of thermodynamic stability on
particles, indicating that polymorph growth rates differ, thereby
causing changes in relative stability during thermal treatment pro-
cess. Therefore, two or more anatase particles can also merge to
form a larger anatase particle by diffusion of atoms annealed at
600 C for 5 h, as shown in Fig. 5(a). Meanwhile, the rutile particles
also grew into larger particles. The small amounts of reversible
transformation from rutile to anatase in this region may be associ-
ated with anatase coarsening at the expense of rutile. With a fur-
ther increase in annealing temperature (720 C), the particle size
of the rutile phase gradually grew. With the increase in annealing
time [Fig. 6(b)], the relative weight content of rutile increased
gradually at 720 C. With a further increase in annealing time,
the particle size of anatase grew rapidly. These changes may be
associated with the high surface energy and surface melting of
TiO2 particles (anatase phase). The unstable anatase particles min-
imize the surface energy by increasing their size and the agglomer-
ation of particles. Conversely, the slow growth rate of the rutile
particle is also shown in Fig. 5. The TiO2 particles of anatase and
rutile gained more kinetic energy and collision between the parti-
cle increases. Anatase is totally transformed to rutile at 720 C for
3.5 h. As for the reasons for the different growth kinetics of anatase
and rutile during the isothermal and isochronal processes (at
600 C and 720 C), it is possible that the content and particle size
of rutile phase have a certain effect on the growth of TiO2 particles
(anatase phase). Due to the growth of anatase crystal, small TiO2nanoparticles (anatase phase) are up to the critical size, and are
transformed into rutile structures. This leads to the growth of the
anatase TiO2 nanoparticles, while the other anatase nanoparticles
grow more easily. Also, it has relationship with the particle size
and agglomerate structures of the TiO2 nanoparticles. As for the
detail reasons, it still needs to be further investigated, and the rel-
ative research is still under progress.
Experimental work and the accompanying theoretical explana-
tions showed that macrocrystalline rutile is thermodynamically
stable relative to macrocrystalline anatase at ambient pressures
and temperatures [37–39]. Anatase-to-rutile transformation in
TiO2 nanoparticles is a metastable to stable irreversible transfor-
mation [40]. Based on the calorimetric data for the transformation
enthalpies of anatase-to-rutile and brookite-to-rutile, Zhang and
Banfield concluded that the thermodynamic phase stability for
the three polymorphs is rutile > brookite > anatase, and that ana-
tase could either transform directly to rutile, or to brookite, and
then to rutile [41]. When the particle size decreases below approx-
imately 14 nm, anatase is more stable than rutile, and rutile trans-
forms to anatase at small sizes [41]. Both electron diffraction and
XRD patterns showed that the detonation-prepared mixed-phase
TiO2 nanoparticles have more metastable anatase structures rather
than the stable rutile structures. Although the anatase-to-rutile
transformation in the mixed-phase TiO2 system is the main pro-
cess, the isothermal and isochronal experiments also indicated that
the transformation between anatase and rutile in large crystals
may be reversible at lower temperatures (600 C). These changes
may be associated with the more influence of thermal treatment
on the rutile particles with larger crystallite size at lower
Y. Qu et al. / Results in Physics 6 (2016) 100–106 105temperatures than that on the anatase phase, thereby increasing
the weight percentage of anatase increases. Meanwhile, the aver-
age size of the detonation-prepared TiO2 sample, including anatase
and rutile, grew larger because of the absorption energy. This
growth may also be associated with the different surface energies
of anatase and rutile at small crystallite sizes.
In conclusion, detonation is an unbalanced process in which a
short duration of high temperature and high pressure is generated,
thereby preventing the TiO2 nanoparticles to have enough time to
grow into large and fine crystallites [28,29]. A large number of
spherical TiO2 nanoparticles were generated. Considerable micro
stresses and larger crystal lattice parameters [32,42] can result in
special kinetics of grain growth and different transformation
behaviors of detonation-prepared TiO2 nanoparticles during ther-
mal treatment. Thermal treatment can be employed to control
the particle size and phase contents of detonation-prepared TiO2
nanoparticles.Conclusion
The mixed-phase TiO2 nanoparticles, consisting of anatase
(34.8 wt %, 9.4 nm) and rutile (65.2 wt%, 18.2 nm) were pre-
pared by detonation method. The microstructures, crystal sizes,
phase contents, thermal stability, and kinetics of grain growth of
the mixed-phase TiO2 nanoparticles were studied to control the
phases and particle sizes of the TiO2 nanoparticles. The initial pro-
cess involves the anatase-to-rutile transformation. Subsequently,
the grains of the TiO2 nanoparticles coarsened drastically at
600 C for 1 h, followed by the conversion of rutile to anatase at
600 C. However, the relative mass content of the rutile phase is
still less than that of rutile annealed at 600 C for 1 h. This finding
indicates that a small quantity of rutile particles in large crystals
may transform into anatase phase. Smaller TiO2 particles can gain
more kinetic energy and combine rapidly with the increase in tem-
perature and then form larger particles at 720 C. Furthermore,
anatase totally transformed into rutile by thermal treatment at
720 C for 3.5 h. The transformation temperature from anatase to
rutile was approximately 80 C lower than that prepared by con-
ventional methods. The phase transformation in the TiO2 sample
at different annealing temperatures was modeled to understand
the transformation behaviors of the detonation-synthesized TiO2
nanoparticles during thermal treatment. Therefore, thermal treat-
ment can be employed to control the particle size and phase con-
tent of mixed-phase TiO2 nanoparticles prepared by detonation
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